Neuritic outgrowth is a striking example of directed motility, powered through the actions of molecular motors. Members of the myosin superfamily of actinassociated motors have been implicated in this complex process. Although conventional myosin II is known to be present in neurons, where it is localized at the leading edge of growth cones and in the cell cortex close to the plasma membrane, its functional involvement in growth cone motility has remained unproven. Here, we show that antisense oligodeoxyribonucleotides, complementary to a specific isoform of conventional myosin (myosin IIB), attenuate filopodial extension whereas sense and scrambled control oligodeoxyribonucleotides have no effect. Attenuation is shown to be reversible, neurite outgrowth being restored after cessation of the antisense regimen. Myosin IIB mRNA was present during active neurite extension, but levels were minimal in phenotypically rounded cells before neurite outgrowth and message levels decreased during antisense treatment. By contrast, the myosin IIA isoform is shown to be expressed constitutively both before and during neurite outgrowth and throughout exposure to myosin IIB antisense oligodeoxyribonucleotides. These results provide direct evidence that a conventional two-headed myosin is required for growth cone motility and is responsible, at least in part, for driving neuritic process outgrowth.
Filopodial extension, growth cone motility, and neurite outgrowth are important characteristics of developing neurons, their combined action playing an essential role in the formation of the nervous system during development and in axonal regeneration, including the restoration of connectivity, after injury (1) . Little is known of the mechanisms underlying these aspects of directed motility in vertebrate neurons, but the participation of a number of molecular motors belonging to the myosin superfamily has been proposed. Thirty years ago, conventional, two-headed myosin II was first shown to be present in brain and neuronally derived material (2, 3) . Since then, myosin I (4-6), myosin II (6) (7) (8) (9) (10) (11) , and myosin V (12, 13) have been observed at the leading edge of neuritic growth cones, often located in close proximity to the plasma membrane. Such observations suggest that these molecular motors may each perform distinct yet integrated tasks that facilitate force generation during the complex motions of growth cone advance.
However, defining localization is not the same as defining function. Myosin V has been shown, by the technique of microscale chromophore-assisted laser inactivation, to play a role in neuronal growth cone filopodial extension (13) . Yet neither microscale chromophore-assisted laser inactivation (13) nor our preliminary antisense studies have been able to implicate myosin I in the directed motility of neuronal cellseven though myosin I isoforms have been shown to be involved in the mechanism of locomoting amoebae (14, 15) . Although recent fusion protein expression studies on live amoebae suggest that myosin II also may be found at the tips of pseudopodia (16) , leading to a reevaluation of earlier immunofluorescence work (15) , myosin II gene knockouts of amoebae (17, 18) were unable to eliminate forward locomotion. It is important to stress, however, that the roles of molecular motors in these very different cell types, slime mold amoebae and mammalian neuronal cells, may not be the same.
Although an increasing body of evidence has suggested an involvement of myosin II in neuronal growth cone function, this has not yet been demonstrated directly. Although 2,3-butanedione-2-monoxime has been used to provide circumstantial evidence for an involvement of myosin II in growth cone motility (10, 11) , it has been shown to knock out both myosin II and myosin V activity (19) , and there is no consensus as to how this compound exerts its effects in either muscle (20, 21) or neuronal (20, 22) cells. Nevertheless, the cellular localization of myosin II (6-11) noted above, together with inferences that myosin may be the downstream target during Rho-stimulated cellular contractility and neurite retraction (23, 24) , indicate that it is crucial to establish directly whether myosin II isoforms play a functional role in neuritogenesis. Here, we have made use of a functional knockout approach to assess whether myosin II action is required for neurite outgrowth. Of the two nonmuscle conventional myosin gene products (25, 26, 27) , termed myosins IIA and IIB, it is the IIB isoform that predominates in mature cells of neuronal origin, comprising at least 70% of expressed myosin II (6, 9, 25, 26, 28) . In this study, we have used antisense oligodeoxyribonucleotides targeting myosin IIB transcripts within cultured mouse neuroblastoma cells.
MATERIALS AND METHODS
Mouse neuroblastoma cells (Neuro-2A), cultured as described (6) , were transferred to serum-free media and treated, separately, with sense (BQ5 or B5), antisense (BQ3 or B3), and scrambled (BQ3R or B3R) oligonucleotides every 12 hours for a total of 96 hours. To monitor recovery, observations and quantitation were extended for up to 168 hours after the first treatment. After initial incubation with oligonucleotide at a concentration of 50 M, 25 M supplements of oligonucleotide were added every 12 hours, to compensate for oligonucleotide degradation (29) . In addition to untreated cells, controls included sense (BQ5 or B5) and scrambled (BQ3R or B3R) oligonucleotide treatments, the latter corresponding in base composition to that of the antisense oligonucleotide except that the sequence was scrambled (but did not match any other entry in the database). To generate the data shown in large-scale experiments, such as seen in Fig. 2a , eight separate cultures were commenced simultaneously for each treatment.
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Cells were observed by both differential interference contrast (DIC) and indirect immunofluorescence microscopy by using a Zeiss Axiovert 135 inverted microscope, representative images being photographed at every time point for each treatment. The antibodies used in this study were polyclonal rabbit anti-nonmuscle myosin II (Biogenesis, Bournemouth, U.K.) and fluorescein-conjugated goat anti-rabbit IgG (Sigma). Results from experiments involving BQ3, BQ5, and BQ3R are shown in detail; results from experiments involving B3, B5, and B3R are not shown and were quantitatively less pronounced. This was possibly a reflection of the fact that the B-series of oligonucleotides was derived from a human myosin sequence that exhibits a five-base mismatch as compared with the rodent myosin sequence from which the BQ-series was derived (28, 30) . Measurement of individual neurite lengths (Seescan, Cambridge, U.K.) from the tip of the neurite to the edge of the cell soma, together with the number of neurites per cell, was possible through the use of DIC optics, all processes being clearly visible. Total RNA was isolated by use of Trizol reagent (Life Technologies, Paisley, Scotland) through a single step procedure (31) . Before RNA precipitation, 5-10 g of RNase-free glycogen (Boehringer-Mannheim) was added to the aqueous phase as a carrier. During cDNA production, first strand synthesis was primed by the use of random hexamers (CLON-TECH) to ensure complete representation of the myosin transcript. The reverse transcriptase (RT)-PCR was performed by using standard procedures (32) , RNA samples being harvested from Ϸ3 ϫ 10 5 Neuro-2A cells at each time point. RT-PCR was performed by using 35 ( 33) begins at residue Ϫ18 before the ATG start site (italicized); the sequence of the downstream primer is complementary to the sequence that codes for NPILEA (U31463; ref. 33), the first residue being equivalent to residue 226 in the chicken skeletal muscle myosin amino acid sequence (34) . Primers used for actin (positive control) were 5Ј-TGTGATGGTGG-GAATGGGTCAG-3Ј (upstream primer) and 5Ј-TTTGAT-GTCACGCACGATTTCC-3Ј (downstream primer), derived for mouse ␤-actin (Stratagene), giving rise to a 514-bp amplification product.
RESULTS AND DISCUSSION
Sequence information for myosin IIB, available from the gene databanks, was used to design isoform-specific antisense and sense (control) oligodeoxyribonucleotides (Table 1) . These were synthesized either to correspond (in the case of sense oligos), or be complementary (in the case of antisense oligos), to regions that were either within the 5Ј noncoding portion of the transcript immediately adjacent to the ATG translation start site or within the isoform-specific coding sequence, also located toward the 5Ј end of the transcript.
Anti-myosin II immunofluorescence was attenuated significantly in cells treated for 96 hours with antisense oligonucleotides directed against myosin IIB sequence ( Fig. 1h ) whereas fluorescence remained unaffected in untreated cells (Fig. 1e) . Fluorescence also was unaffected in cells treated identically with sense oligonucleotides derived from the same region ( Fig.  1g ) and in cells treated with scrambled oligonucleotides (Fig.  1f ). These data demonstrate that the antisense oligonucleotide was acting in the expected manner, diminishing expression of the specific myosin isoform encoded by sequence complementary to the antisense oligonucleotide. It may be noted that the commercial antibody used (Biogenesis) is able to recognize both the A and B isoforms of nonmuscle myosin II (6, 9); therefore, incomplete attenuation of fluorescence signal after antisense treatment was anticipated. This was not problematic in practice because diminution of target protein expression was observed (Fig. 1h) , and, in any case, total ablation of expression is not necessarily expected from the application of antisense methodologies (35) .
When Neuro-2A cells were treated with antisense oligonucleotides specific to the myosin IIB isoform, both qualitative ( Fig. 1) and quantitative ( Fig. 2 a and b) observations showed that neuritic outgrowth was diminished significantly after 48 hours until cessation of antisense treatment at 96 hours. Although this was true irrespective of the total number of neurites per cell (Fig. 2b) , the results were most pronounced when bipolar Neuro-2A cells were considered as a distinct subpopulation (Fig. 2a) . By contrast, cells that either remained untreated, or had been treated with sense or scrambled oligonucleotides for the full 96-hour period, remained unaffected and continued to extend at normal rates ( Fig. 2 a and  b) .
Measurement of images from an average of 312 cells at every time point in each of the four separate treatments showed no significant difference in the number of neurites arising from each cell after antisense oligonucleotide treatment as compared with sense and scrambled oligonucleotide treatment or with untreated controls (Fig. 2c) . However, a significant time-dependent, treatment-independent increase in the number of bipolar, as compared with unipolar, cells was observed at later times of incubation (Fig. 2c, compare columns B, C, D, and E with columns F, G, H, and I). Taken together with the data shown in Fig. 1 and Fig. 2 a and b , these results indicate that the myosin IIB antisense oligonucleotide affects neurite extension directly but cannot be the sole determinant of neurite number, which must involve the participation of additional factors. Shown are the oligonucleotide code name, myosin isoform, oligonucleotide sequence, direction and location of the sequence, the species from which the sequence was derived, and the database accession number. The location of the 5Ј ends of the sense sequences, with respect to either the ATG start site or the chicken skeletal muscle myosin amino acid sequence used as a reference (34) , are as follows: B5, Ϫ19 before ATG (U34304, ref. 30 ) whereas B3 is the complement of B5; BQ5, codes for ADPILES (U15766, ref. 28) , the first residue being equivalent to residue 225 in the chicken myosin amino acid sequence whereas BQ3 is the complement of BQ5. Asterisks signify that the scrambled antisense control does not correspond to any known sequence in the databanks.
To explore the reversibility of the antisense effect, neurite extension was followed for at least an additional 72 hours after removal of oligonucleotide through replacement of culture medium (Fig. 2b) . These results are a continuation of the experiment involving the cells seen in Fig. 2a , with an average of 198 cells being quantified at every time point with respect to each treatment. After removal of antisense oligonucleotide at 96 hours, neurite outgrowth rebounded, reaching lengths comparable to control, sense, and scrambled oligonucleotidetreated cells within the next 24 hours (Fig. 2b ). These results demonstrate that the attenuation of neurite outgrowth, through treatment with antisense oligonucleotides corresponding to myosin IIB, is rapidly reversible.
One possible explanation for the unexpectedly high rate of rebound would be the accumulation of myosin IIB mRNA throughout the duration of the antisense regime. To test this, we used RT-PCR to evaluate the pool of myosin IIB mRNA resulting from each of the oligonucleotide treatments. Our results demonstrate that myosin IIB mRNA did not accumulate during the antisense regime; indeed, there was a timedependent decrease in the amount of amplicon as a consequence of antisense treatment (Fig. 3A, lanes 10-12) . By contrast, the amplicons generated from cellular mRNA derived from untreated cells (Fig. 3A, lanes 4 , 5, and 7-9) or cells that had undergone sense oligonucleotide treatment (Fig. 3A,  lanes 14 and 15) were substantially unchanged. These results do not support an accumulation of myosin IIB mRNA as an explanation for the rate of rebound after antisense oligonucleotide removal (Fig. 2b) . Indeed, the rate of rebound taken together with the lack of accumulation of myosin IIB mRNA would suggest that, during the normal growth of these cells in culture, the availability of myosin cannot be rate-limiting with regards neuritic outgrowth. This would indicate that the supply of another factor or factors was normally rate-limiting and had continued to accumulate during the period of antisense treatment facilitating an increased rate of neurite outgrowth on renewed expression of myosin immediately after removal of the antisense block. Myosin IIA mRNA levels remained unchanged throughout myosin IIB antisense, sense, and scrambled regimes [Fig. 3B , compare lanes 2-4 (myosin IIA amplicons) with lanes 6-8 (myosin IIB amplicons)]. To test whether the myosin IIB isoform is expressed at all times or is only coincident with neurite outgrowth, RT-PCR was performed on samples obtained from cells at the time of plating and at 24-hour intervals thereafter. A direct comparison was made with myosin IIA expression (Fig. 4) . These RT-PCR results demonstrate that myosin IIB is predominantly expressed during active neurite extension, expression being attenuated at the zero time point when phenotypically rounded neuroblastoma cells have not yet attached themselves to the substratum, before neurite outgrowth (Fig. 4 , compare lane 7 with lanes 8-11). By contrast, the myosin IIA isoform is expressed constitutively at the zero time point and at similar levels throughout neuritic outgrowth (Fig. 4, lanes 2-6) . The level of actin mRNA, as assessed by RT-PCR, did not fluctuate either throughout the experimental time-course for untreated cell cultures (Fig. 4, lanes 12-16) or as a consequence of sense or antisense oligonucleotide treatment for 72 or 96 hours (Fig.  3A, lanes 1-3; Fig. 3B, lanes 9-12) .
The antisense approach used here provides results that support an involvement of myosin IIB in neurite outgrowth and growth cone motility. Mechanistically, it remains unclear how this may operate, but the peripheral location of this isoform subjacent to the plasma membrane is significant (6) (7) (8) (9) . Although it is clear that a suppression of myosin IIB message correlates with an abrogation of neurite outgrowth (Figs. 3 and  4) , ruffling and the production of short protrusions remain unaffected, this being seen most clearly in the DIC images (Fig.  1d) . It is possible that lamellipodial ruffling and blebbing do not require the action of myosin IIB, which instead is needed only after process formation has been initiated. Indeed, the number of neurites per cell remains unaffected by the antisense treatment (Fig. 2C) .
It has been reported that the depletion of casein kinase II by antisense oligonucleotide application also prevents neuritogenesis in neuroblastoma cells (36) . Although the latter results were discussed in terms of a possible role for casein kinase II in MAP1B phosphorylation (36) , it may be noted that the myosin IIB heavy chain also possesses a recognition site for casein kinase II phosphorylation (37) . Both the antisense knockout of myosin IIB function reported here and the casein kinase II antisense knockout results demonstrate attenuation of filopodial extension, giving rise to the possibility that casein kinase II is the normal regulator of myosin IIB activity. Surprisingly, the most obvious feature of myosin IIB knockout mice was found to be impaired cardiac development leading to death on or before the day of birth (38) . However, other abnormalities were noted, including hydrocephalus and retinal dysplasia (38) , suggesting that the normal development of the brain also was affected adversely.
In addition to a role in neurite outgrowth, myosin IIB also, in principle, could be required for neurite retraction and focal contact formation to facilitate adhesion to the substratum, either separately or in combination. In this regard, it may be noted that lysophosphatidate (23, 24, 39) and thrombin (23, 40, 41) are able to induce neurite retraction in neuronally derived cells and focal adhesion in fibroblasts, functions that are thought to be brought about through activation of actomyosinbased contractility. Such observations correlate with an increase in myosin light chain phosphorylation (23, 24) . A similar correlation has been observed with regard to apoptotic membrane blebbing (42) . In serum-starved neuroblastoma cells Clostridium botulinum C3 exoenzyme treatment inactivates RhoA by ADP ribosylation and thereby inhibits lysophosphatidate-and thrombin-induced neurite retraction (23) . By contrast, in serum-fed cells, neurite outgrowth ensues after prolonged C3 treatment or through induction by inhibitors of myosin light chain phosphorylation (23) . It would appear, therefore, that the involvement of myosin IIB in neurite outgrowth is a distinctive mechanism, separable from myosin involvement in neurite retraction, focal adhesion, and membrane blebbing. Furthermore, it would appear that these separate mechanisms may be controlled in different ways, neurite retraction and blebbing being regulated through regulatory light chain phosphorylation and neurite outgrowth being independent of light chain phosphorylation but possibly regulated through heavy chain phosphorylation, as noted above.
From the above, it would appear likely that individual myosin isoforms perform specific tasks during the complex mix of propulsion and retraction, adhesion and repulsion, which constitutes growth cone motility during axonal pathfinding. In this regard, our results indicate that freshly plated neuroblastoma cells displaying rounded forms only minimally express myosin IIB while exhibiting constitutive expression of myosin IIA (Fig. 4, compare lanes 2 and 7) . Only during neurite outgrowth is the myosin IIB transcript expressed in significant amounts (Fig. 4, lanes 8-11) . Because myosin IIA is the predominant isoform expressed at zero time, one attractive interpretation of the division of labor between isoforms is that the cortical tension described (23, 24) in rounded cells, before induction of spreading, is a function of myosin IIA whereas the role of myosin IIB relates to filopodial outgrowth. However, the results presented here are not exclusive, and it is likely that Cell Biology, Neurobiology: Wylie et al.
Proc. Natl. Acad. Sci. USA 95 (1998) 12971 myosin IIB will act in concert with other molecular motors to bring about neuritogenesis. Curiously, although myosin V has been shown to play a role in filopodial extension (13) , impaired myosin I activity does not appear to have an obvious effect on growth cone motility (13) despite its localization at the leading edge of the growth cone (4-6). It is possible that any role played by myosin I in neuritogenesis is downstream or secondary to myosin IIB action; a possible synergy of operation between these different myosin family members is currently under investigation.
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